Stolotermes ruficeps is a widespread, primitive, lower termite occupying dead and decaying wood of many tree species in New Zealand's temperate forests. We identified core bacterial taxa involved in gut processes through combined DNA-and RNA (cDNA)-based pyrosequencing analysis of the 16S nucleotide sequence from five S. ruficeps colonies. Most family and many genus-level taxa were common to S. ruficeps colonies despite being sampled from different tree species. Major taxa identified were Spirochaetaceae, Elusimicrobiaceae and Porphyromonadaceae. Others less well known in termite guts were Synergistaceae, Desulfobacteraceae, Rhodocyclaceae, Lachnospiraceae and Ruminococcaceae. Synergistaceae, Lachnospiraceae and Spirochaetaceae were well represented in the RNA data set, indicating a high-protein synthesis potential. Using 130 800 sequences from nine S. ruficeps DNA and RNA data sets, we estimated a high level of bacterial richness (4024 phylotypes at 3% genetic distance). Very few abundant phylotypes were site-specific; almost all (95%) abundant phylotypes, representing 97% of data set sequences, were detected in at least two S. ruficeps colonies. This study of a little-researched phylogenetically basal termite identifies core bacteria taxa. These findings will extend inventories of termite gut microbiota and contribute to the understanding of the specificity of termite gut microbiota.
Introduction
The bioconversion of lignocellulosic material by termites is an exemplar natural biorefinery and a potential source of novel enzymes for biofuel production (Ni & Tokuda, 2013) . Gut microorganisms (bacteria, archaea and protists) together with enzymes from the termite host are responsible for the bioconversion process after initial mechanical grinding by the termite (Xie et al., 2012) . Identification of a core microbiota as defined by their abundance and ubiquity indicates which populations are best adapted to termite guts and critical to the bioconversion of lignocellulose.
Initial experiments to identify the bacterial component depended on classical cloning studies targeting a small subset of termite guts (Hongoh et al., , 2005 Shinzato et al., 2005 Shinzato et al., , 2007 , but rarefaction analysis showed that sampling was insufficient to reveal the entire bacterial diversity. Pyrosequencing of the 16S rRNA gene has been used to characterize different gut compartments in the higher termite Nasutitermes spp. (K€ ohler et al., 2012) , hindguts of higher termites Amitermes wheeleri and Nasutitermes corniger (He et al., 2013) , hindguts of eight lower and 11 higher termites (Dietrich et al., 2014) as well as to study the effects of diet on gut microbiota of Reticulitermes flavipes (Boucias et al., 2013; Huang et al., 2013) . These studies have given us many insights into termite gut bacterial diversity. A more complete picture of diversity is obtained when amplicons derived from both the 16S rRNA gene and 16S rRNA are examined (Brettar et al., 2012; De Corte et al., 2013; Lettat & Benchaar, 2013; P erez-Cobas et al., 2013) . The 16S rRNA derived sequences indicate protein synthesis potential; for a discussion on rRNA as an indicator of activity and the limitations of this method see Blazewicz et al. (2013) . High 16S rRNA/rRNA gene phylotype ratios (RNA/DNA) have been reported in several ecosystems (Moeseneder et al., 2005; Reid et al., 2011; Lettat & Benchaar, 2013) and may indicate high activity, or nongrowth maintenance activities requiring protein synthesis such as cell motility, osmoregulation, defence against oxidative stress, communication, exopolysaccharide production or conjugation (Bodegom, 2007) . This nongrowth bacterial contribution to ecosystem function would remain unidentified if analysing 16S rRNA gene data sets only.
The Stolotermitidae are a very basal termite family, probably the first to diverge after the Mastotermitidae (Cameron et al., 2012) . The emergence of the Stolotermitidae is estimated to be about late Jurassic, 150 mya (Ware et al., 2010) . Stolotermes ruficeps Brauer is endemic to New Zealand, which is in a cool temperate zone. This termite species occupies moist dead and decaying standing trees, branch stubs, logs and stumps of both native and exotic hardwood and softwood species (Milligan, 1984) . Because it does not attack sound wood, it is of minor economic importance to the timber industry, but its contribution to forest turnover may be significant. It is estimated that in 1 year, a year-old colony containing 10 individuals can consume 31-60 cm 3 of wood (Morgan, 1959) . It also contributes, via gut microbial nitrogen fixation, an estimated 0.7-110 tonnes of nitrogen to New Zealand's forests (Reid & Lloyd-Jones, 2009 ). The genus Stolotermes has retained many plesiomorphic characters such as a well-developed, pigmented, compound eye (Thorne & Lenz, 2001 ) and very primitive worker/imago dentition (a prominent second marginal tooth on the left mandible similar to blattoid-type mandibles) (Kaulfuss et al., 2011; Engel et al., 2013) . Colonies of S. ruficeps (up to 250 termites) nest and feed within a single log, never foraging elsewhere (Morgan, 1959) . Unlike more evolved termite lineages, a true worker caste is absent; the majority of nymphs become reproductives and a few develop into soldiers. Gut protozoa have been identified in S. ruficeps (Helson, 1935; Nurse, 1945; Charleston et al., 2012) and the gene diversity of nifH (encoding for nitrogen fixation) phylotypes has been described (Reid & LloydJones, 2009 ), but in general, the gut microbiota are less well characterized in Stolotermitidae than in the other major termite lineages.
The membership of termite gut bacterial communities is thought to be termite-specific and shaped by host genotype irrespective of individual colony and location (Hongoh et al., 2005) . Termite behaviours that promote microbial community establishment include direct transfer of hindgut fluids between conspecifics (proctodeal trophallaxis), consumption of sibling faeces (filial coprophagy) and mutual grooming. Nevertheless, subtle but distinct differences in the gut bacterial community have been observed in some studies between individuals from different termite colonies (Matsuura, 2001; Hongoh et al., 2005; Minkley et al., 2006; Tanaka et al., 2006; Boucias et al., 2013; Huang et al., 2013) .
We examined the gut bacteria of S. ruficeps by amplifying 16S rRNA gene and 16S rRNA from five different biogeographically distinct colonies in native hardwood forests (Nothofagus) and introduced softwood plantation forests (Pinus, Larix and Pseudotsuga) in the Central North Island of New Zealand. Data sets of the other endemic New Zealand termites; Stolotermes inopinus Gay and Kalotermes brouni Froggatt were used in our analysis for comparison. The objectives of this study were to gain a comprehensive view of gut bacterial diversity and identify major bacteria taxa in S. ruficeps. A comparison of community structure of different S. ruficeps colonies and closely related taxa feeding on different tree types was expected to reveal intra and interspecific patterns that could be used to identify phylogenetic lineages common and best adapted to all S. ruficeps colonies. This work provides a first step towards understanding the processing of lignocellulosic material in the gut of S. ruficeps.
Materials and methods

Sample collection
Stolotermes ruficeps, S. inopinus and K. brouni nymphs (and accompanying decaying wood) were collected, bagged and transported to the laboratory from various sites within a 100 km radius of Rotorua (38.2°S, 176.3°E) in the Central North Island, New Zealand (Table 1) .
Gut homogenate preparation
Only termite nymphs (> fourth instar) were used for analysis. Larval guts were removed within 48 h of collection. Nymphs were euthanized in 70% ethanol for 1 min and rinsed in buffered salts solution (0.2 g K 2 HPO 4 , RNA was isolated by resuspending 0.25 g of each pooled gut homogenate in 0.5 mL of 240 mM potassium phosphate buffer (pH 8.0) and 0.5 mL of phenol/chloroform/isoamyl alcohol (25 : 24 : 1). This suspension was transferred to bead beater vials containing 0.5 g each of 0.1 and 0.3 mm silica-zirconium beads and lysed by agitation in a FastPrep bead beating system (MP Biomedicals, CA) for 30 s at 5.5 m s
À1
. RNA in the aqueous phase was purified following RNA/DNA mini kit protocols (Qiagen, Hilden, Germany). RNA was quantified using RiboGreen â dye (Invitrogen) on a POLARstar Galaxy Fluorometer and quality assessed by agarose gel electrophoresis.
To verify termite species identity, we PCR amplified and directly sequenced the termite mitochrondrial 16S rRNA gene without cloning, from whole termite DNA extracts using the forward and reverse primers 16Sa and 16Sb as described by Bybee et al. (2004) .
Barcoded pyrosequencing
Extracted RNA was reverse-transcribed into cDNA using SuperScript VILO (Invitrogen). A portion of the 16S small subunit ribosomal gene was amplified from DNA or cDNA using the 27F (5 0 -AGAGTTTGATCCTGGCTC AG-3 0 ) primer with the Roche 454 'A' pyrosequencing adapter (5 0 -GCCTCCCTCGCGCCATCAG-3 0 ) and a 4-bp barcode sequence, and the 337R (5 0 -GCTGCCTCCCGTA GGAGT-3 0 ) primer containing the Roche 454 'B' sequencing adapter (5 0 -GCCTTGCCAGCCCGCTCAG-3 0 ). The unique 4 bp barcode was included on the forward primer for sorting pooled DNA-and RNA-derived data sets. The HPLC purified primers were obtained from Sigma-Life Science (MO). PCRs (50 lL) on cDNA and extracted DNA used High Fidelity DNA Polymerase (Roche) and a 3 min denaturation at 95°C, 25 cycles of 95°C for 1 min, 60°C for 1 min and 72°C for 1 min, and a 1 min final extension at 72°C. Amplicons were purified using a QIAquick PCR Purification Kit (Qiagen), eluted in 40 lL elution buffer, quantified using Quant-IT Picogreen (Invitrogen) and pooled to an equimolar concentration. Pyrosequencing was performed with a Roche GS-FLX and standard protocols at the University of Otago, Dunedin, New Zealand.
Processing of pyrosequencing data
All pyrosequencing reads were processed using the MOTHUR software suite (version 1.23.1; Schloss et al., 2009) following the strategy described by Schloss & Westcott (2011) with slight modifications. A total of 315 618 raw barcoded amplicons of the V1-V2 region of the 16S rRNA gene were trimmed to remove primers, barcodes, low-quality bases (average quality score < 35 in each 50-bp window rolling along the whole read), ambiguous base calls and long homopolymer runs (> 8). Sequences were aligned using the SILVA-based reference alignment (Pruesse et al., 2007) using MOTHUR's NAST-based aligner. Sequencing noise was reduced by performing the preclustering step with the 'pre.cluster' script in MOTHUR. Chimeric sequences detected by 'chimera.slayer' were removed. The trimmed reads were assigned to operational taxonomic units (OTUs) at 3% and 10% distance levels using the average neighbour algorithm. OTUs were classified with the Na€ ıve Bayesian Classifier implemented in MOTHUR (version 1.31.2) using a bootstrap of 80% as a cut-off. A reference database developed specifically for termite gut microbial communities was used for taxonomic assignments (K€ ohler et al., 2012) . Total richness of S. ruficeps was determined using the Chao1 richness estimate of nine S. ruficeps samples (five S. ruficeps DNA, four S. ruficeps RNA). For alpha and beta diversity comparative analyses, 12 termite samples (nine S. ruficeps, two S. inopinus and one K. brouni) were normalized using 'sub.sample' to 10 349 sequences each. Rarefaction, Shannon's diversity index values and Chao1 richness estimates and similarities between pairs of sets were all calculated using scripts in MOTHUR (version 1.31.2). The Bray-Curtis dissimilarity coefficient (Bray & Curtis, 1957) was calculated for OTUs at a distance level of 3% and subjected to principal-coordinate analysis (PCoA) implemented in MOTHUR. Metastats and 'corr.axes' (in MO-THUR) were used to determine which OTUs showed different abundances between RNA and DNA data sets. Ordination was visualized in R using the statistical and graphics software R (version 3.0.2; R Core Team, 2013). ANOSIM was performed using the Bray-Curtis distance matrix generated in MOTHUR.
Nuclotide sequence accession number
Raw sequences are deposited in the GenBank short-read archive, Accession Number SRA010110.
Results
Host phylogeny
Partial sequences of the host termite mitochondrial 16S rRNA gene were used to verify termite identity. The five S. ruficeps colonies showed 100% identity over 515 base pairs to S. ruficeps (Accession No KF840412). The S. inopinus sequence (KF840414) had 15 bp mismatches to the S. ruficeps sequence but showed 100% identity to a S. inopinus (KF840413) sequence obtained from an archived S. inopinus reference sample (Forest Health Reference Collection (FRNZ), Scion, New Zealand). The closest matches in the NCBI database (July 2014) were to sequences obtained from Cryptotermes sp. (EF383308 87% identity) and Porotermes adamsoni (JX144930 87% identity). The K. brouni sequence (KF840415) had 82/515 mismatches with the S. ruficeps partial sequences and closest matches with Cryptotermes brevis (FJ806145 87%) and Kalotermes flavicollis (FJ806146.1 87% identity).
Data set statistics
Twelve data sets were produced from seven different termite colonies; five 16S rRNA gene (DNA) and four 16S rRNA (RNA) data sets were obtained from S. ruficeps colonies, and for comparison DNA and RNA data sets were obtained from S. inopinus and a DNA data set was obtained from K. brouni. Barcoded sequencing using 454 sequencing (average read length = 237 bp) yielded a total of 252 901 raw reads. After stringent sequence preprocessing of the pyrosequencing amplicons, a total of 183 048 termite sequences (130 817 S. ruficeps, 31 032 S. inopinus and 21 199 K. brouni sequences) were identified, resulting in sequence libraries of 10 349-23 056 reads per S. ruficeps data set. The S. ruficeps DNA data sets contained 81 150 sequences, and the RNA data sets 49 667 sequences.
Classification
Taxonomy was determined using MOTHUR's classification tool and a specific termite database (K€ ohler et al., 2012) . From this analysis, 130 817 Stolotermes sequences were classifiable at phyla (100% seq), class (99.8%), family (99.4%) and genera (97%) levels. From the 14 phyla identified, six phyla (Bacteroidetes, Spirochaetes, Proteobacteria, Elusimicrobia, Firmicutes and Synergistetes) contained the majority (98.4%) of sequences (Supporting Information, Table S1 ). The most abundant family taxa were Porphyromadaceae, Rikenellaceae, Elusimicrobiaceae, Lachnospiraceae, Ruminococcaceae, Desulfobacteraceae, Rhodocyclaceae, Spirochaetaceae and Synergistaceae and these were represented in all samples (Figs 1 and S1 ). Most families were represented in both DNA and RNA data sets; Streptosporangiaceae, TM7, Enterococcaceae, Geobacteraceae and Burkholderiaceae (all in low abundance) were the exception, being detected only in DNA data sets. The major taxa (to genera level) are depicted in Fig. 1 .
Bacterial diversity
We estimated total bacterial diversity of our S. ruficeps data sets by combining RNA and DNA data sets from four different sample sites and a DNA data set from a fifth site. Observed species richness with clustering at 3% genetic distance gave 2217 different OTUs. The Chao1 richness estimate was 3927 indicating that 56% of the estimated diversity in these data sets was described by our sequencing. At a more conservative distance of 10%, we observed 848 (1420 estimated) OTUs. Randomly subsampled data sets, each with 10 349 sequences, were used to compare the diversity between the samples (Table 2) . Expected phylotype (OTU) richness at a 3% distance level varied between different sample sites, ranging from 607 to 1478, although the corresponding RNA and DNA data set richness for each sampling site was similar. Using Good's Coverage Estimator, at 3% distance all nine samples had more than 0.971 coverage, meaning that over 34 additional reads would need to be sequenced before detecting a new phylotype.
Community similarity
To compare termite gut bacterial communities sampled from different geographical locations and host wood habitats, we analysed our DNA and RNA data sets, using the Bray-Curtis dissimilarity coefficient based on OTU clustering at 3% distance. Kalotermes brouni and S. inopinus were used as outgroups. PCoA plots of this data clustered the S. ruficeps data sets together separate from the S. inopinus and K. brouni data sets (Fig. 2) . The S. ruficeps DNA data sets grouped together and were separate from their corresponding RNA data sets (ANOSIM, R = 0.6, P < 0.05). Two significant OTUs (P < 0.001), responsible for distinguishing the RNA and DNA data sets along PCoA axis, were classified as Qadd Lower Termite Cluster 1 in the Spirochaetaceae.
OTUs from the S. ruficeps data sets were assigned as abundant (n > 10) or rare (n ≤ 10). The 435 abundant OTUs (OTU abund ) comprised 126 869 sequences (97%), while the 1783 rare OTUs (OTU rare ) comprised 3948 sequences (3%). The majority of OTU abund were detected in both DNA and RNA data sets (seven not detected in DNA and 19 not detected in RNA) and were detected at two or more colony sites (414 OTU abund ). The mean similarity (based on Jclass Index) of pairwise comparisons of OTU abund (mean = 0.508, range = 0.30-0.72) was higher than the OTU rare (mean = 0.06, range = 0.02-0.14).
Relative abundance and classification of the dominant OTU 0.03 to genus level is given in Fig. 1 (and classification of all OTUs to family level in Fig. S1 ). Bacteroidetes was the most diverse phylum, containing 798 OTUs. Worthy of mention is the dominance of OTU1, classified as Spirochaete Qadd lower termite cluster I, comprising 12.5% of total sequences, 6.6% of DNA sequences and 22% RNA sequences.
Discussion
Pyrotag analysis of 16S rRNA gene and 16S rRNA gene in the guts of five biogeographically different S. ruficeps colonies has provided insights into the bacterial composition of the complex symbiont gut system of a phylogenetically basal New Zealand termite.
Stolotermes ruficeps bacterial diversity
The bacterial richness estimated from the combined sequence data of S. ruficeps was 4024 phylotypes at 3% distance and 1277 phylotypes at 10% distance although individual data set richness of normalized data sets was much lower. This estimated richness is within the range (202-6354) observed from deep sequencing of lower termites (Dietrich et al., 2014) . Rarefaction and coverage estimates (at 3% and 10% distance) indicated that even with 130 817 S. ruficeps sequences our data sets were still undersampled. Despite our attempts to reduce error, our OTU richness estimates likely reflect a mixture of real diversity of rare taxa as well as some experimental bias.
Core taxa
The clustering of the S. ruficeps and S. inopinus data sets and their separation from the K. brouni data set in the Bray-Curtis PCoA analyses indicates that the gut bacteria membership of S. ruficeps and S. inopinus was similar, and distinct from that of the more distantly related Kalotermes species. This extends studies of gut microbial communities of termites from the same genus where a high similarity of gut microbial communities among congeneric termites was found in three Cubitermes species (Schmitt-Wagner et al., 2003) , four Reticulitermes species (Hongoh et al., 2005) and two Nasutitermes species (K€ ohler et al., 2012) .
The Stolotermes data sets formed separate clusters based on whether they were derived from DNA or RNA, rather than the tree host of the termite colony. The S. ruficeps colony from the hardwood host (Nothofagus spp.) grouped closer to the S. ruficeps colonies from softwood hosts than it did to the S. inopinus colony also from a Nothofagus spp (Fig. 2) indicating less influence of tree host on gut bacterial membership in Stolotermes compared with termite species. This observation adds to studies where no consistent differences in gut bacterial composition as a result of diet could be found with laboratory termite colonies fed with wood-based diets (Boucias et al., 2013; Huang et al., 2013) . Phylotype analysis at a fine level (3% distance) showed that of the 2217 observed S. ruficeps phylotypes, 38% were shared between two or more S. ruficeps colonies. This number increased to 95% when we considered only the 435 OTUs containing more than ten sequences demonstrating that there is a core gut bacterial community within S. ruficeps. The majority of taxa at family level, even the less abundant ones, were detected in at least two S. ruficeps colony data sets (Fig. S1 ).
Patterns in phyla-level gut microbial composition are emerging in well-studied termite genera as separate 16S rRNA gene studies identify similar taxa composition. Phylum-level relative abundance of the three New Zealand endemic termites in this study fit within the range of relative abundances seen in a recent study of lower termites from large read data sets (Dietrich et al., 2014) , although the relative abundance of Bacteroidetes was noticeably higher (46% of total DNA sequences) in our data sets than the median (13%) from other lower termites in the Dietrich et al. (2014) data sets (Table 3) . Bacteroidetes have elevated abundances in the termites Odontotermes (Makonde et al., 2013; Ning et al., 2013; Dietrich et al., 2014) Fig. 2 . Comparison of the gut bacteria communities of the termites Stolotermes ruficeps, and Stolotermes inopinus from tree host type. Communities from Nothofagus spp. appear in green, Pinus nigra appear in blue, Larix spp. appear in yellow, Pseudotsuga menziesii appear in orange and Sophora spp. appear in pink. Principal coordinates plots (PCoA) were generated using Bray-Curtis dissimilarity at a 3% distance level. Kalotermes brouni was included as an outgroup.
licosus, Coptotermes formosanus (Noda et al., 2005) , Neotermes koshunensis (Ohkuma et al., 2002; Nakajima et al., 2006) and the cockroach Shelfordella lateralis (Schauer et al., 2012) . Like S. ruficeps, many of these termites have a diet of fungi or rotting wood colonized by fungi. In a recent metagenomic study, Bacteroidetes genes associated with central aromatic compound metabolism were overrepresented in the fungus-cultivating termite Odontotermes yunnanensis compared with a wood-feeding termite. The authors hypothesized that gut microbial communities (especially Bacteroidetes) could potentially utilize fungal metabolites such as lignin-derived aromatic compounds as a carbon and energy source (Ning et al., 2013) . An abundance of Bacteroidetes may indicate a diet with a high fungal content and the ability to grow on fungal metabolites.
The family Porphyromonadaceae was very dominant in our S. ruficeps data sets (Figs 1 and S1) . A large proportion of sequences (DNA 16 057, RNA 3845 seq) were classified as Candidatus Symbiothrix. This taxon has been identified as bristle-like ectosymbionts coexisting with Spirochaete ectosymbionts (Hongoh et al., 2007a) . High abundance of Candidatus Symbiothrix was similarly detected in C. niger (Kalotermitidae) (K€ ohler, 2011) . The abundant OTUs classified as Candidatus Symbiothrix were not influenced by biogeography, being evenly distributed across all DNA data sets including the S. inopinus data set. This suggests they may be symbionts of a protist(s) shared by both Stolotermes species. Tannerella (DNA 1281, RNA 1345 seq) exhibited the highest RNA/ DNA ratio among the Bacteroidetes, possibly indicating high-protein synthesis potential. Similar abundances of Tannerella have been found in the guts of many cockroaches and termites (Dietrich et al., 2014) . Many of the 35 OTUs classified as Tannerella had very low sequence abundances and were accordingly detected at fewer sites.
Many Rikenellaceaeae sequences were classified as the Rs-D38 termite group (DNA 7573, RNA 3039 seq). A similar high abundance (6%) of Rs-D38 was found in Incisitermes marginipennis (Kalotermitidae) inhabiting dry wood in South America, while lower abundances have been found in many cockroaches and some termites (Dietrich et al., 2014) .
Spirochaetaceae have long been recognized for their dominance and phylotype diversity in termite guts (Lilburn et al., 1999; Noda et al., 2003) ; our findings are in agreement with this. Spirochaetes have been implicated in cellulose degradation (Warnecke et al., 2007) , reductive acetogenesis (Leadbetter et al., 1999; Pester & Brune, 2006) , motility (Cleveland & Grimstone, 1964) and nitrogen fixation (Lilburn et al., 2001) . Genes for nitrogen fixation (nifH) have been identified in S. ruficeps previously and some have closest matches to Treponema species (family Spirochaetaceae) (Reid & Lloyd-Jones, 2009) . A large proportion of sequences (DNA 7087, RNA 14 044 seq) were classified at genus level into Qadd lower termite cluster I. This cluster was also identified (but with lower relative abundances) in the lower termites Mastotermes darwiniensis, Hodotermes mossambicus, Reticulitermes santonensis and Neotermes jouteli (K€ ohler, 2011) encompassing a range of lower termite families and feeding guilds. OTU1, classified in this cluster, is noticeably abundant across all six Stolotermes (including S. inopinus) colonies but was not detected in the K. brouni data set. Its potential activity index was very high in terms of RNA/DNA sequence ratio comprising c. 30% of both Nothofagus and Larix2 RNA data sets and 50% of the S. inopinus RNA data set and was the main contributor to the separation of the RNA and DNA data sets in the ordination analyses. The lower species evenness of data sets from these three sites compared with the other sites (Table 2 ) is due to the dominance of OTU1. The closest (95%) BLAST matches for OTU1 were with uncultured Treponema 16S rRNA gene clones isolated from the gut of Cryptotermes cavifrons (Kalotermitidae). Two of these Treponema clones are ectosymbionts of protists. Given its dominance and ubiquity, this phylotype merits further investigation. The remainder of sequences were mostly clustered in Treponema I-a along with sequences exclusively from lower termites. Some of these had confidence levels < 80%, indicating the presence of possible novel Treponema phylotypes in S. ruficeps.
The majority of Elusimicrobia sequences were classified into Lineage I Endomicrobia. High abundances of this lineage are typical of lower termites (K€ ohler, 2011) . Bacteria belonging to this lineage are intracellular symbionts of various protist species and often coexist with other bacteria Strassert et al., 2010) . OTU2 (DNA 5325, RNA 3500 seq) contained the majority of Elusimicrobia sequences and was detected in all samples in high abundance. The closest match (95%) for OTU2 in the NCBI database was with an endosymbiont of a Joenia flagellate from K. flavicollis. The Joeniidae flagellate Cyclojoenia australis has been identified in S. ruficeps (Nurse, 1945) , but the phylogenetic position of this flagellate relative to the Joenia flagellate from K. flavicollis is unknown.
The majority of Firmicutes sequences were classified as Lachnospiraceae or Ruminococcaceae. Many of the Lachnospiraceae sequences were classified as Incertae sedis 36 (DNA 513, RNA 2685 seq), which is present at low relative abundances in most termite guts and cockroaches, but at higher abundances in some higher termites (K€ ohler, 2011) . Ruminococcaceae were less abundant and most of these were classified as uncultured 11 (DNA 133, RNA 238 seq), uncultured 10 (DNA 70, RNA 191 seq), Clostridium alkalicellulosi (DNA 126, RNA 126 seq) and Acetanaerobacterium (DNA 104, RNA 139 seq).
Among the Proteobacteria, Desulfobacteraceae and Rhodocyclaceae were well represented. The majority of Desulfobacteraceae were classified as uncultured four (DNA 2856, RNA 642 seq). A Deltaproteobacteria closely related to Desulfoarculus baarsii has been linked directly to hydrogen metabolism in termite guts (Rosenthal et al., 2013) . Sequences classified as Desulfoarculus were detected in our data sets in low abundance (DNA 78, RNA 222 seq). In many lower termites, Desulfovibrionaceae are present at reasonably high abundances (up to 5%; Dietrich et al., 2014) . However, we only detected them at extremely low levels in S. ruficeps; 46 of 130 817 sequences were classified as Desulfovibrionaceae. Rhodocyclaceae were mainly classified into the genus Propionivibrio (DNA 420, RNA 564 seq). Rhodocyclales have been detected in a termite gut previously (Zhu et al., 2012) and Azoarcus (family Rhodocyclales) related nifH genes were found to be expressed in I. marginipennis (Kalotermitidae) (Desai & Brune, 2012) .
The Synergistaceae were not one of the most abundant families, but exhibited very high RNA/DNA ratios. They were classified into two genera; Candidatus Tammella (DNA 74, RNA 629 seq) and uncultured six (DNA 26, RNA 280 seq). This family would be underrepresented or absent in data generated only from a DNA data set. Other studies (Nakajima et al., 2006; Hongoh et al., 2007b) have identified Candidatus Tammella in termite guts, either free-living or as obligate motility symbionts. Hongoh et al. (2007b) discuss the potential involvement of Synergistetes in amino acid fermentation in the termite gut based on the amino acid fermenting characteristics of Synergistetes isolates and amino acid availability in the gut.
Five OTUs were classified as phylum Fusobacteria, family Fusobacteriaceae (DNA 61, RNA 321 seq). This phylum has been found in low abundances in termites and higher abundances in cockroaches (Dietrich et al., 2014) . This taxon may be overlooked if generating data from only DNA data sets.
Intracolony variation
Similarity comparisons at a fine level were challenging due to the incomplete coverage of our data sets. The bacterial membership of each colony was distinct (Fig. 2) . We observed lower Jclass Index similarities with the rare phylotypes compared to the abundant phylotypes and incomplete coverage may have caused some of this variation. Intracolony variation cannot be explained by physical colony separation or stage of nymph development; neighbouring colonies were no more similar than more separated colonies, nymphs used in this analysis were of the same age (> fourth instar) and all colonies were collected within the same season. The decay state of the log, resource availability and the chemistry of different wood species may all influence membership and abundance of particular phylotypes.
The composition of the termite gut protozoan community may in turn influence the gut bacterial community. Little is known about variations in protozoa within the same termite species although protist membership is changed by artificial diet (Tanaka et al., 2006) . Stolotermes ruficeps harbours a number of different protists (Helson, 1935; Nurse, 1945; Charleston et al., 2012) , in particular Spirotrichosoma magna (now Parabasalia, class Trichonymphea, order Trichonymphida), a very large flagellate (average length 0.3 mm, breadth 0.2 mm). This protist is densely packed in the gut of S. ruficeps (Helson, 1935) and corresponding sequences have been found in a metagenome study of S. ruficeps guts (Charleston et al., 2012) . A metagenome library from one of our S. ruficeps colonies had low matches to a variety of Trichonymphida, Tritrichomonadida and Trichomonadida species and at least four different oxymonad species, suggesting that this termite contains a rich diversity of protists (G. LloydJones, unpublished data). Species of Endomicrobia (Hongoh et al., 2008), Bacteroidetes (Hongoh et al., 2007a) , Proteobacteria (Sato et al., 2009) , Synergistes and Spirochaetes are ecto-or endo-symbionts of a range of protists.
DNA vs. RNA data set variation
Some phylogenetic lineages from our study can be differentiated on the basis of abundance in RNA vs. DNA data sets. Those overrepresented in the RNA data sets, such as Spirochaetaceae Qadd lower termite cluster I, Lachnospiraceae, Ruminococcaceae, Propionivibrio, Synergistaceae and Fusobacteriaceae, may show higher protein synthesis potential, which could imply higher metabolic activity or maintenance activity not associated with growth. Some dormant cells have been shown to contain a high ribosome content (Sukenik et al., 2012) ; however, the termite gut is a very small and efficient natural bioreactor (Pester & Brune, 2007) and the high dilution rate of this environment should preclude high numbers of dormant cells. Underrepresentation in the RNA data set, particularly of Bacteroidetes, may be due to a high copy number of rRNA genes or indicate low activity. Interestingly, Bacteroidetes were also less abundant in a recent 16S rRNA pyrosequencing study of R. flavipes (Huang et al., 2013) than in 16S rRNA gene pyrosequencing and clone studies (Hongoh et al., 2005; Boucias et al., 2013) . Relative abundance estimates based on pyrosequencing 16S rRNA and 16S rRNA gene are semi-quantitative (Amend et al., 2010) and require further validation. Different DNA and RNA extraction techniques used in our study may have affected recovery of sequences from particular lineages.
Conclusions
In this study, we have described the biodiversity of gut bacteria within a less studied termite species. Our findings suggest that despite feeding on entirely different wood types and living in different biogeographical locations there is a high degree of uniformity among the phylogenetic lineages of bacteria within the gut of S. ruficeps. This indicates that these taxa are conserved and likely to be important in gut processes. Termite gut bacteria are isolated from external environmental effects and community membership appears to be determined largely by vertical transmission across generations.
Our study has identified the key taxa present and potentially active in the gut of S. ruficeps. To better understand metabolic processes in the guts of this and other species of termites, a fruitful area to focus on will be the metabolism of the core gut taxa.
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